For enhancing the cetane number (CN) of diesel fraction, the selective oxidative ring opening method was applied to upgrade ring hydrocarbons. Organic acids, one of the main products from this oxidative reaction, being esterified by the phase transfer catalysis (PTC) approach were studied. Adipic acid, benzoic acid, and phthalic acid were used as model compounds. Reaction time, reaction temperature, the amount of water, and the amount of catalyst in the esterification process were investigated and optimized using orthogonal experimental design method. The kinetics of esterification process was then conducted under the optimal condition. The types of catalysts and organic acids, the amount of catalyst and water were also investigated. The PTC esterification was one rate controlling reaction on the interface between the aqueous phase and the oil phase. Hydrophobicity is a key factor for converting benzoic acid, adipic acid, and phthalic acid to the corresponding esters. It was found that around 5-8% water is the optimal quantity for the given reaction system. Two cases of esterification processes of PTC were proposed.
Introduction
Straight run gas oil and fluid catalytic cracking (FCC) light cycle oil (LCO) are known as two main contributors to diesel pool [1] . The former has a cetane number (CN) ranging from 30 to 55 with an aromatics content of 15-40%, and the latter has a CN ranging from 5 to 30 with an aromatics content of 60-85% [1, 2] . High levels ring hydrocarbons (cyclic hydrocarbons and aromatics) in diesel fuel result in the increase of emissions, such as particulates, during burning.
Results and Discussion

Esterification of Adipic Acid, Phthalic Acid, and Benzoic Acid
Three organic acids-phthalic acid, adipic acid, and benzoic acid-have been esterified using Tetrabutyl Ammonium Bromide (TBAB) as catalyst through the approach of PTC. The orthogonal experimental results (shown in Supplementary Materials Tables S1-S3) showed the similar trend in the effects of temperature, time, water amount, and catalyst amount. It can be seen that the reaction temperature is the most significant among the factors that has an impact on the conversion of organic acids to esters, followed by the amount of water, the amount of catalyst, and reaction time, respectively.
In the esterification of organic acids by PTC, benzoic acid had the highest conversion ratio of 97% among the three acids. This may be due to the fact that benzoic acid is more hydrophobic than the other two; therefore, its anion is easy to transfer between aqueous phase and organic phase, leading to a higher esterification conversion ratio. Adipic acid is hydrophilic and it is difficult for its anion to transfer from aqueous phase to organic phase. Thus, relative low conversion ratio of 79% was obtained. Given the above reason, phthalic acid is expected to have a conversion ratio between that of adipic acid and benzoic acid, which was also evidenced by the experimental results (86%).
Kinetics Study of the Esterification Process
Effects of Temperature on the Esterification of Adipic Acid
Supplementary Materials Tables S4-S7 summarized the concentration of 1-bromobutane changing along with reaction time during the esterification process at the temperatures of 96 • C, 103 • C, 107 • C, and 110 • C. The consumption of 1-bromobutane indicates a pseudo first-order reaction during the esterification by PTC at all temperatures, as shown in Figures 1-4 .
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Catalysts 2019, 9, 851 6 of 13 Figure 6 shows that 3-4 mL of water (5-8%) is the optimal amount for the given reaction system. This result coincided very well with the literature [30] . Water is essential for the reaction system since a thin layer of omega phase can be formed with the presence of water. However, excessive water (>5 mL in this reaction system) can reduce the effective concentration of NaX and Q + X − in the bulk aqueous phase and in turn, reduce the reaction rate. It also is interesting to observe that a faster reaction rate was obtained without water than with excessive water (10 mL).
Effects of the Amount of TBAB on the Esterification of Adipic Acid
The effects of TBAB amount (0-0.008 mol) on the kinetics of esterification reaction were studied and the results are shown in Figure 7 and Supplementary aqueous phase and in turn, reduce the reaction rate. It also is interesting to observe that a faster reaction rate was obtained without water than with excessive water (10 mL).
The effects of TBAB amount (0-0.008 mol) on the kinetics of esterification reaction were studied and the results are shown in Figure 7 and Supplementary Materials Figure S6 to Figure S9 .
In Figure 7 , when the amount of TBAB catalyst increased from 0 to 0.004 mol, the rate constant indicated a slow increase from 0 to 0.0013 min −1 . Afterward, the rate constant showed a sudden increase from 0.0013 to 0.0042 min −1 , as the amount of TBAB increased from 0.004 to 0.006 mol. The increase rate dropped down as the amount of TBAB was beyond 0.006 mol. This phenomenon was the so-called Omega phase effect in the PTC process. In the range of 0 to 0.004 mol, the TBAB completely dissolved in the aqueous phase. When the TBAB increases from 0.004 to 0.006 mol, the aqueous phase was saturated with TBAB and Omega phase was formed [28] . The overall reaction rate is highly promoted. With the amount of TBAB increasing from 0.006 to 0.008 mol, the TBAB in the aqueous phase was in super-saturation state, but the Omega Phase remained constant; therefore, the reaction rate was nearly constant. 
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Three phase transfer catalysts: TBAB, Tetrahexyl Ammonium Bromide (THAB), and Benzyltriethyl Ammonium Bromide (BTEAB) were studied in the esterification reaction. Their structures were shown in Figure 8 . The effects of the types of catalyst on the esterification of adipic acid are shown in Supplementary Materials Figures S10-S12. In Figure 7 , when the amount of TBAB catalyst increased from 0 to 0.004 mol, the rate constant indicated a slow increase from 0 to 0.0013 min −1 . Afterward, the rate constant showed a sudden increase from 0.0013 to 0.0042 min −1 , as the amount of TBAB increased from 0.004 to 0.006 mol. The increase rate dropped down as the amount of TBAB was beyond 0.006 mol. This phenomenon was the so-called Omega phase effect in the PTC process. In the range of 0 to 0.004 mol, the TBAB completely dissolved in the aqueous phase. When the TBAB increases from 0.004 to 0.006 mol, the aqueous phase was saturated with TBAB and Omega phase was formed [28] . The overall reaction rate is highly promoted. With the amount of TBAB increasing from 0.006 to 0.008 mol, the TBAB in the aqueous phase was in super-saturation state, but the Omega Phase remained constant; therefore, the reaction rate was nearly constant.
Three phase transfer catalysts: TBAB, Tetrahexyl Ammonium Bromide (THAB), and Benzyltriethyl Ammonium Bromide (BTEAB) were studied in the esterification reaction. Their structures were shown in Figure 8 . The effects of the types of catalyst on the esterification of adipic acid are shown in Supplementary Materials Figures S10-S12.
Three phase transfer catalysts: TBAB, Tetrahexyl Ammonium Bromide (THAB), and Benzyltriethyl Ammonium Bromide (BTEAB) were studied in the esterification reaction. Their structures were shown in Figure 8 . The effects of the types of catalyst on the esterification of adipic acid are shown in Supplementary Materials Figures S10-S12. Table 1 shows the reaction rate constants of these three catalysts, which are in the following sequence: THAB > TBAB > BTEAB. The quantitative empirical parameter q introduced by Halpern was used to assess quaternary ammonium catalysts [28, 31] , as shown in Figure 9 . Table 1 shows the reaction rate constants of these three catalysts, which are in the following sequence: THAB > TBAB > BTEAB. The quantitative empirical parameter q introduced by Halpern was used to assess quaternary ammonium catalysts [28, 31] , as shown in Figure 9 . It is generally accepted that, for mass-transfer controlled reactions, the q is greater than 1; whereas for chemical-controlled reactions, the q is less than 1 [28, 31] . The above results demonstrated that THAB has a better performance than the other two catalysts. The calculation shows that q value of THAB is less than 1, indicating that the esterification of adipic acid is a chemical-controlled reaction. Having a longer alkyl chain makes the solubility of THAB in organic phase higher and further makes its separation and reusability more difficult.
Effect of Different Organic Acids on the Esterification Process
The effects of organic acid types on the kinetics of esterification reactions were studied. Three organic acids: adipic acid, benzoic acid, and phthalic acid were used in the esterification reaction. The effects of the types of reactant acids on the esterification of adipic acid are shown in Supplementary Materials Figure S13 to Figure S15 . The corresponding reaction rate constants were calculated and shown in Table 2 . Table 2 . Rate constants of 1-bromobutane for different organic acids.
Organic Acids Reaction Rate (×10 3 ) (min −1 )
Adipic acid 4.2 Phthalic acid 4.6 Benzoic acid 5.5
The sequence of the rate constants was: Adipic acid (0.0042 min −1 ) < Phthalic acid (0.0046 min −1 ) < Benzoic acid (0.0055 min −1 ), which fell in the same trend of hydrophobicity of the organic acids. Mono-carboxyl and phenyl structure of benzoic acid suggests a greater hydrophobic property than that of adipic acid and phthalic acid; thereby it is capable of transferring from aqueous phase to oil phase, which results in a higher reaction rate. It is generally accepted that, for mass-transfer controlled reactions, the q is greater than 1; whereas for chemical-controlled reactions, the q is less than 1 [28, 31] . The above results demonstrated that THAB has a better performance than the other two catalysts. The calculation shows that q value of THAB is less than 1, indicating that the esterification of adipic acid is a chemical-controlled reaction. Having a longer alkyl chain makes the solubility of THAB in organic phase higher and further makes its separation and reusability more difficult.
Esterification Processes
Effect of Different Organic Acids on the Esterification Process
The effects of organic acid types on the kinetics of esterification reactions were studied. Three organic acids: adipic acid, benzoic acid, and phthalic acid were used in the esterification reaction. The effects of the types of reactant acids on the esterification of adipic acid are shown in Supplementary Materials Figures S13-S15. The corresponding reaction rate constants were calculated and shown in Table 2 . The sequence of the rate constants was: Adipic acid (0.0042 min −1 ) < Phthalic acid (0.0046 min −1 ) < Benzoic acid (0.0055 min −1 ), which fell in the same trend of hydrophobicity of the organic acids. Mono-carboxyl and phenyl structure of benzoic acid suggests a greater hydrophobic property than that of adipic acid and phthalic acid; thereby it is capable of transferring from aqueous phase to oil phase, which results in a higher reaction rate.
Esterification Processes
The esterification process by PTC can be described by Figure 10 [28, 32] . Phase transfer catalyzed esterification of adipic acid can be divided into the following processes:
(1) mass transfer process: the anion of adipic acid combines with the cation of the catalyst to form the active ion pair, which is transferred from water phase to organic phase;
(2) chemical reaction process in organic phase: reactive ions transferred to organic phase react with 1-bromobutane to form the final product dibutyl adipate.
The reactions taking place in the aqueous and oil phase can be expressed by the following two Equations (1a), (1b) and (2) . (2) where k1 represents the reaction rate constant of ion pair formation in mass transfer catalytic reaction, and k − 1 represents the decomposition rate constant of ion pair in mass transfer catalytic reaction. k2 is the reaction rate constant of this esterification reaction. The consumption rate of reactants and the formation rate of products can be described by Equation (3) org org org org
In this equation, [R − Y]org is the concentration of reactant at a certain moment in the esterification process. The expression of (Q + X − )org can be found in Equation (4).
The relative concentration of (Q + X − )org and (Q + Y − )org may be varied. But they must satisfy Equation Phase transfer catalyzed esterification of adipic acid can be divided into the following processes:
(1) mass transfer process: the anion of adipic acid combines with the cation of the catalyst to form the active ion pair, which is transferred from water phase to organic phase; (2) chemical reaction process in organic phase: reactive ions transferred to organic phase react with 1-bromobutane to form the final product dibutyl adipate.
The reactions taking place in the aqueous and oil phase can be expressed by the following two Equations (1a), (1b) and (2) . (Q + X − )org + (C4H9Br)org k 2 → (C4H9X)org + (Q + Br − )org (2) where k 1 represents the reaction rate constant of ion pair formation in mass transfer catalytic reaction, and k −1 represents the decomposition rate constant of ion pair in mass transfer catalytic reaction. k 2 is the reaction rate constant of this esterification reaction. The consumption rate of reactants and the formation rate of products can be described by Equation (3) −
In this equation, [R − Y] org is the concentration of reactant at a certain moment in the esterification process. The expression of (Q + X − ) org can be found in Equation (4).
The relative concentration of (Q + X − ) org and (Q + Y − ) org may be varied. But they must satisfy Equation (5) .
Catalysts 2019, 9, 851 9 of 13
If [Q + X − ] org and [Q + Y − ] org keeps stable, then the system has reached a steady state and,
When the amount of phase transfer catalyst in the organic phase remains constant, (Q) org can be expressed as follows:
Applying the steady state approximation, and adding k 1 [Q + X − ] org [Y − ] aq to both side of Equation (4) and then,
Substitute (8) into (3), the following expression can be obtained to describe the rate of formation of products or that of the disappearance of reactants during the reaction,
Thus, in case (1), when (9) can be simplified as:
Case 1: During this phase transfer catalyzed esterification process, the chemical reaction rate in organic phase is much slower than the mass transfer rate. Having a small amount of water in this reaction system, (NaX) aq is saturated in the aqueous phase throughout the reaction. Under this condition, the concentration of (Q + X − ) org formed during the esterification process in the organic phase remains constant and rapidly reaches the steady state, so it is reasonable to estimate that the concentration of [Q + X − ] org is in a steady state. When the right part of the equation is divided by k 1 [X − ] aq , the following equation becomes (2), Equation (9) can be simplified as:
Case 2: During this phase transfer catalyzed esterification process, the mass transfer process is very fast and much faster than the rate of esterification chemical reaction. Under this condition, in the organic phase, (Q + X − ) org accumulates quickly and remains constant.
Experimental
Chemicals
After the oxidative ring-opening reaction, the single-ring and multi-ring of cyclic hydrocarbons and aromatics were expected to be converted into acids [9] .
In this paper, TBAB, THAB, and BTEAB were used as phase transfer catalysts; adipic acid, benzoic acid, and phthalic acid as model compounds; 1-bromobutane as esterification reactants; and dodecane as model feed. All the chemicals used in the experiments in this paper were purchased from Sigma-Aldrich (Oakville, ON, Canada) and their purity is higher than 99%.
Experimental Design
Based on the preliminary experimental results, orthogonal experimental method was used to optimize the reaction conditions by investigating the contribution of each factor (such as the amount of water and phase transfer catalyst, reaction temperature, and reaction time, etc.) and each level of each factor on the conversion ratio into 1-bromobutane. The orthogonal results were summarized in Supplementary Materials Tables S1-S3. Herein K and k respectively stands for the sum and the average values of experimental results for each level of each factor, and R stands for the range of k.
Then based on the orthogonal experimental results, the effects of temperature, type of organic acids and catalysts, and the amount of catalyst and water, on the kinetics of the esterification reaction were investigated. Generally, in a typical PTC esterification process, the reaction parameters were set to adipic acid of 0.01 mol, water of 3 mL, sodium hydroxide of 0.02 mol, TBAB of 0.006 mol, 1-bromobutane of 0.04 mol, dodecane of 40 g, and temperature of 110 • C.
PTC Process Evaluation
During the PTC reaction, two phases, inorganic (aqueous) phase and organic (oil) phase, coexists in the reaction system. The adipic acid and sodium hydroxide were mixed to form sodium adipate. The phase transfer catalyst, TBAB, the solvent, dodecane, and 1-bromobutane were added into the above-mentioned solution, which was stirred and heated till reflux for different reaction times ranging from 20 to 240 min, as shown in the specific figure and table (Figures 1-4 
, Supplementary Materials
Tables S1-S7, and Figures S1-S15). In order to remove the Br − and to get the pure products, the organic phase was washed by deionized water in loops. Taking adipic acid as an example, the chemical reaction involved in this process is shown in Figure 11 . Supplementary Materials Tables S1-S3. Herein K and k respectively stands for the sum and the average values of experimental results for each level of each factor, and R stands for the range of k. Then based on the orthogonal experimental results, the effects of temperature, type of organic acids and catalysts, and the amount of catalyst and water, on the kinetics of the esterification reaction were investigated. Generally, in a typical PTC esterification process, the reaction parameters were set to adipic acid of 0.01 mol, water of 3 mL, sodium hydroxide of 0.02 mol, TBAB of 0.006 mol, 1bromobutane of 0.04 mol, dodecane of 40 g, and temperature of 110 °C.
PTC Process Evaluation
, Supplementary
Materials Tables S1-S7, and Figures S1-S15). In order to remove the Br − and to get the pure products, the organic phase was washed by deionized water in loops. Taking adipic acid as an example, the chemical reaction involved in this process is shown in Figure 11 . Firstly, adipic acid is converted into disodium adipate, and the anion of adipic acid is formed in aqueous phase. Then, disodium adipate reacts with the phase transfer catalysts and forms the intermediate of diquaternary ammonium adipate, which dissolves in both aqueous phase and oil phase. This intermediate enters oil phase and reacts with 1-bromobutane to produce butyl adipate, which is the target product ester, and the by-product, sodium bromide, is released simultaneously. Sodium bromide finally moves into the aqueous phase because it is an inorganic salt only dissolving in the aqueous. The unconverted 1-bromobutane and the resultant-butyl adipate were quantitatively tested by GC (FID) (SHIMADZU, Nakagyo-ku, Kyoto, Japan), and the detailed testing information is the same as the previous publication [33] . The conversion and the selectivity were calculated by the amount of unconverted 1-bromobutane and that of the resultant-butyl adipate, respectively.
Conclusions
Organic acids (adipic acid, benzoic acid, and phthalic acid), one of the main products from oxidative ring opening of ring hydrocarbons, being esterified into the corresponding esters by the PTC approach was studied.
The reaction temperature was found to be the most significant among the factors on the conversion of organic acid into ester, followed by the amount of water, amount of catalyst, and reaction time, respectively. Hydrophobicity is a key factor to the conversion of adipic acid, benzoic acid, and phthalic acid.
The studied PTC esterification was the quasi-first-order reaction. The activation energy for esterification of adipic acid is 15.88 kcal/mol. The Omega phase effect phenomenon was found when the TBAB increased from 0.004 mol to 0.006 mol in the PTC process. Around 5-8% water is the Firstly, adipic acid is converted into disodium adipate, and the anion of adipic acid is formed in aqueous phase. Then, disodium adipate reacts with the phase transfer catalysts and forms the intermediate of diquaternary ammonium adipate, which dissolves in both aqueous phase and oil phase. This intermediate enters oil phase and reacts with 1-bromobutane to produce butyl adipate, which is the target product ester, and the by-product, sodium bromide, is released simultaneously. Sodium bromide finally moves into the aqueous phase because it is an inorganic salt only dissolving in the aqueous. The unconverted 1-bromobutane and the resultant-butyl adipate were quantitatively tested by GC (FID) (SHIMADZU, Nakagyo-ku, Kyoto, Japan), and the detailed testing information is the same as the previous publication [33] . The conversion and the selectivity were calculated by the amount of unconverted 1-bromobutane and that of the resultant-butyl adipate, respectively.
The studied PTC esterification was the quasi-first-order reaction. The activation energy for esterification of adipic acid is 15.88 kcal/mol. The Omega phase effect phenomenon was found when the TBAB increased from 0.004 mol to 0.006 mol in the PTC process. Around 5-8% water is the optimal quantity for the given reaction system.
Two cases of esterification processes of PTC were proposed.
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